and extramacrochaetae (emc+), produce phenotypes corresponding to an excess of function of the achaete-scute complex (AS-C), that is, they cause the appearance of extra chaetae. These mutants, although recessive in normal flies, become dominant in the presence of extra doses of AS-C. Here we study the interactions between these three genes, in an attempt to elucidate their relationships. The results show that the insufficiency produced by h or emc mutants can be titrated by altering the number of copies of AS-C. Moreover, excess of function of AS-C produced by derepression mutants within the complex (Hairy-wing) can also be titrated by altering the number of wild type copies of h + or emc +. These specific interactions indicate that both h + and emc + code for "repressors" of AS-C that interact with the achaete and scute region of the complex respectively.
Introduction
The achaete-scute complex (AS-C) of Drosophila melanogaster contains a group of genetic functions whose activity is involved in a specific developmental process: the differentiation of chaetae and sensillae (Garcia-Bellido and Santamaria 1978) . Chaetae and sensillae are sensory organs which cover the cuticle following a precise pattern. These organs consist of four cells which derive from a single epidermal cell after two divisions (Wigglesworth 1940; Peters 1965; Lawrence 1966) . Recessive, lack of function mutants in AS-C cause the removal of chaetae from the cuticle in the hemizygous or homozygous condition. Deficiencies or mutants of the achaete (ac) region of AS-C remove mainly microchaetae, whereas those of the scute (sc) region of the complex remove only macrochaetae. Deficiencies of the entire complex remove both kinds of chaetae (Garcia-Bellido and Santamaria 1978; Garcia-Bellido 1979) . Thus, the AS-C must act either in the commitment of epidermal cells to differentiate into chaetae or in the maintenance of such a commitment. In addition to these recessive mutations, there are others within AS-C, called Hairy-wing (Hw) , which are dominant and cause the opposite phenotype; ap-* Present address: Genetics Laboratory, Department of Biochemistry, South Parks Road, Oxford OXt 3QU Great Britain pearance of extra chaetae in sites usually devoid of them (Lindsley and Grell 1968) . This strongly suggests that AS-C is involved in the commitment to chaetae differentiation rather than in the maintenance of it (Garcia-Bellido and Santamaria 1978) . These Hw mutations correspond to an excess of function (derepression) of AS-C, causing the appearance of chaetae in sites usually devoid of them and indicating that AS-C is controlled by a negatiw~ type of regulation.
There are mutants in genes other than AS-C, which cause a similar phenotype to that of Hw, that is, appearance of extra chaetae. This phenotype is expected for mutants in transregulatory genes of AS-C. The same phenotype, however, could be produced by mutants in genes which act at a different level than the regulation of AS-C. The study of the interactions between them should make it possible to distinguish those involved in genetic regulatory processes. Elsewhere we reported the isolation of mutants in two loci, hairy (h) and extramacrochaetae (ernc) which, although recessive in euploid flies, become dominant, haploinsufficient in the presence of extra doses of AS-C +, a behaviour consistent with genes involved in the regulation of AS-C (Botas et al. 1982 ). Here we report an analysis of the interactions between h, emc and AS-C in gene dose titration experiments. The results show that h and emc behave genetically as regulatory genes of AS-C at the transcriptional level, acting in a negative type of control.
Materials and methods
Most of the genetic variants mentioned in the text are described in Lindsley and Grell (1968) , with the exception of the following.
The alleles of extramacrochaetae (emc) used are emc 1 which is a point mutant, and emc z, associated with In-(3LR) Ubx 13~ The meiotic locus of emc is 3-0, and the cytogenetic locus is 61C3/4 (Botas et al. 1982) . A detailed description of the phenotype of emc flies is presented in moscoso del Prado and Garcia-Bellido (1984) . Dp(3:3) MS4 is a duplication of the region 66C3/5; 68 F which includes the wild type allele of hairy (Moscoso del Prado and Ripoll 1983) . Dp (Y:3)P5 is the aneuploid segregant from T(Y:3)P5 (Lewis 1969) , and is a duplication of the region 61A; 62C/D, including the wild-type locus of emc. Neither duplication produces a detectable phenotype.
To minimize variations due to genetic background, all the phenotypes were compared when possible between siblings. A minimum of 20 wings and 20 heminota were monitored for each particular phenotype.
Results
Flies mutant for h or emc have extra chaetae (microchaetae in the case of h and macrochaetae in that of emc). Such phenotypes are expected from a derepression of AS-C. The fact that recessive mutants in the h and emc loci become dominant in the presence of extra doses of AS-C suggests that they might be mutant alleles of genes whose normal function is to repress AS-C (Botas et al. 1982) . Several experiments were devised to test this hypothesis.
Interaction of h and emc with deficiencies of AS-C
If the phenotype of h and emc is caused by a derepression of AS-C, then those phenotypes should be suppressed by deficiencies of the complex. To test this prediction, we measured the phenotype of h and emc in flies with different deletions of AS-C. The results are shown in Table 1 .
Df (1)260-1 is a deletion of the entire AS-C (GarciaBell• 1979). In heterozygous females it acts as a dominant suppressor of both h and emc. ln(1)y 3PL sc sR is a partial deletion of AS-C which completely removes the achaete (ae) region of the complex. In heterozygous females, it acts as a dominant suppressor of h, but not of emc. In hemizygous males, it entirely suppresses the h phenotype, but does not affect the emc one. This agrees with previous observations that ac point mutants are dominant suppressors of h (Sturtevant 1970) . On the other hand, a complementary effect is produced by [t'l(1)SCSLSC 4R, which is a partial deletion of the scute (sc) region of AS-C: it suppresses emc but not h in hemizygous males and similarly reduces the corresponding phenotype in heterozygous females. This differential effect of different regions of AS-C on suppression of extra chaetae suggests that h interacts with the ac region of AS-C, whereas emc interacts with the sc region of the complex. This is in accordance with the phenotype of both mutations; h produces extra microchaetae, and microchaetae are only affected by ac mutants, whereas emc produces extra macrochaetae, the type of chaetae affected by sc mutants.
An unexpected result was obtained in these experiments: the partial deletions of ac and sc did not suppress the emc and h phenotypes, respectively, but instead enhanced them. A possible explanation for this peculiar behaviour is given in the Discussion.
Interactions of h and emc with extra doses of AS-C
We measured the effect of an increase in the number of AS-C doses on the phenotype of both h and emc. The results are shown in Table 2 . To produce flies with extra doses of AS-C we used Dp(1;2)sc 19, and some of the results were confirmed using a different duplication, Dp(1; f) the number of extra chaetae of both h and emc homozygous flies when extra doses of AS-C are present. This increase is proportional to the number of doses of AS-C. Thus, it is possible to titrate the insufficiency of h or emc by increasing the number of copies of AS-C. It is interesting to notice that h and emc produce a weaker phenotype in euploid males than in females (see Discussion).
Interactions of h and emc with cis-derepression mutants of AS-C (Hw) (Table 3)
Hairy-wing (Hw) mutants cause the appearance of extra chaetae, a phenotype opposite to that of the deficiency of AS-C. These mutants are dominant and correspond to an excess of function of the complex, probably due to a cisderepression. Under the hypothesis of h + and emc + being repressors of AS-C, an insufficiency of h + or emc + should enhance the Hw phenotype, that is, the derepression of AS-C due to Hw should be augmented in flies doubly mutant for Hw and h or emc. Neel (1941) Data based on at least 20 wings per genotype over, this interaction occurs even when h and emc, both recessive mutations, are heterozygous. We also measured the effect of an increase in the number of wild-type doses of h + and emc + in Hw flies. For this purpose, we used a tandem duplication (Dp(3;3)MS4), which includes the h + locus, and the duplication element from T(Y,'3)P5, which includes the emc + locus. Neither of these duplications affect the number of chaetae in AS-C+/AS-C + or AS-C+/AS-C -flies. As shown in Table 3 , both duplications suppress the extra chaetae produced by Hw mutants.
Discussion
The developmental analysis of AS-C indicates that it is involved in the determination of epidermal cells to differentiate into chaetae (with the exception of most of the chaetae of the wing margin, which seem to be under a different genetic control; Garcia-Bellido and Santamaria J978). The existence of dominant mutations in the complex, corresponding to an excess of function, which cause the appearance of extra chaetae in regions usually devoid of chaetae, suggests that the complex remains inactive in those regions in wild-type flies, and led to the suggestion that the complex is regulated by a negative type of control (Falk 1963 ). There are several mutants known in Drosophila which cause the appearance of extra chaetae (Lindsley and Grell 1968) . Such a phenotype is expected of mutants of genes that control the AS-C activity. Some of them show synergistic interactions with mutants in the AS-C (Neel 1941) . These criteria are suggestive of genes involved in related pathways, but they do not necessarily mean that the wild-type alleles of those genes have regulatory properties. A more specific type of interaction can be shown by gene dose titration analysis (Botas et al. 1982) . This type of analysis investigates the interactions between genes not by the comparison of mutant phenotypes or of a combination of mutants, but by combinations between a different number of copies of the wild-type alleles of those genes. It is based on the expectation that the correct expression of a gene must depend on the maintenance of a balance between the number of copies of that gene and the amount of products of its "regulatory" genes.
The suppressor effect of AS-C deficiencies on the phenotype of both h and emc indicates that the extra chaetae produced by the two latter mutants depend on the activity of AS-C and are not produced by an alternative developmental pathway. The differential suppression effect of partial deletions of AS-C indicates that h interacts with the achaete (ac) region, and emc with the scute (so) region of the complex. The dominant nature of this suppression suggests an intimate relationship between h and eme on the one hand, and AS-C on the other, and is in agreement with their postulated regulatory nature. The phenotype of both h and emc increases linearly with increase in the number of AS-C copies. This linear response of h and emc to the number of doses of AS-C indicates that their phenotype is due to an excess of function of AS-C, and further, that their wild-type alleles code for products which specifically lead to repression of AS-C activity, either by repressing its transcription or acting post-transcriptionally, e.g. causing the specific decay of AS-C products (see below).
We have also studied the interaction between h, emc and excess of function mutants (Hw) in AS-C. Before analysing the results, it is relevant to discuss the possible nature of Hw mutations. These mutations have been proposed to be equivalent to o c mutants in bacterial operons (Falk 1963) . However, this view is probably too simplistic. Hw phenotypes can be produced by apparent point mutants in AS-C, by partial duplications of AS-C and by positioneffect variegation (Garcia-Bellido 1979) . The lack of function of AS-C leads to removal of chaetae and is recessive, whereas Hw is dominant and causes the appearance of extra chaetae. The variegated Hw phenotype could be explained if correct AS-C function requires a balance between the functions of the different regions of the complex, so that, in some cases, a partial inactivation of the complex impairs the required internal balance within the AS-C, leading to a "derepression" phenotype. This interpretation is supported by the fact that, although duplications of the entire complex have wild-type phenotype, partial duplications of it, produced by recombinants between inversions, show a Hw phenotype (Garcia-Bellido 1979) . In this context the results obtained by combining h or emc with partial deficiencies of AS-C can be analysed. As discussed above, h is suppressed by ac deficiencies and emc by sc deficiencies. However, in the reciprocal combinations (ac-; emcl/emc 2 and sc-; h/h) both h and emc phenotypes are enhanced. Our interpretation is that in these combinations, the internal balance between ac and se is altered, leading to a Hw effect, which interacts synergistically with h and emc (see below). Hw interacts synergistically with h and emc mutants, even when these are heterozygous. Moreover, duplications of h + or emc + suppress Hw. In other words, the derepression of AS-C produced by Hw can be titrated by changing the number of copies of the postulated regulatory genes. Microchaetae are under the control of the ae region of AS-C, and so, one might consider Hw as a derepression of ac +. In that case, it is surprising that emc + which apparently regulates the sc region of the complex, should interact with Hw. However, if our interpretation of the nature of Hw is correct, then this unexpected result can be explained: an increase or decrease in the level of expression of sc, modulated by the number of copies of emc +, will affect the balance between ac and sc functions, thus modifying the Hw phenotype.
The results discussed so far indicate that h + and emc + interact specifically with AS-C. In principle, this interaction could occur at the transcriptional or post-transcriptional level. Two arguments suggest that the interaction is at the transcriptional level. First, if the interaction is at the posttranscriptional level, the products of AS-C should be expected to be sensitive to both a decrease or an increase in the amount of h + and emc + products. However, the duplications of h + and emc + have a wild-type phenotype even in flies heterozygous for deficiencies of AS-C (unpublished work). Second, the AS-C is dosage-compensated (Garcia-Bellido 1979) , that is, it has a differential transcriptional rate in males and females, resulting in equal amounts of X-gene products in both sexes (Luchessi 1973 (Luchessi , 1977 . If the interaction between h (or emc) and AS-C is at the post-transcriptional level, then we expect a similar phenotype in both sexes, for they have the same amount of AS-C products. However, both h and emc euploid males (one copy of AS-C) have a weaker phenotype than females (two copies of AS-C), and with an increasing number of extra doses of AS-C, the increase in chaetae is similar in both sexes (see Table 2 ). This suggests that the proposed regulation by h and emc is on the structural genes of the AS-C rather than on their products.
The results discussed above are in agreement with, and best explained by the proposed model of the role played by h + and emc + in the regulation of AS-C. However, a negative regulation system needs another element which modulates the repressor, or else repression would be constitutive (Garcia-Bellido and Capdevila 1978; Capdevila and Garcia-Bellido 1981; Garcia-Bellido 1982) . We have found evidence for the existence of cell interactions which affect the expression of AS-C. These cell interactions are probably due to the diffusion of some inhibitory substance. The production or diffusion of this inhibitory substance depends directly on the activity of AS-C, or could even be a product of the complex itself (see Moscoso del Prado and GarciaBellido 1984) . We tentatively propose that h + and emc + are constitutive, allowing a low level of AS-C activity, insufficient to trigger the chaetae differentiation process. Local cell proliferation properties would cause the onset of an above-threshold AS-C activity in some cells (e. g. a shortening of the cell cycle could lead to the dilution of repressor molecules). This would increase the diffusion of the inhibitor which, in turn, would affect the expression of AS-C in the surrounding cells. This would initiate a process of cell interactions until a steady-state is reached, in which some cells would have a high AS-C activity, this being entirely repressed in the remaining cells.
